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Cell fusionThe vulva of the Caenorhabditis elegans hermaphrodite develops from a subset of six vulval precursor cells
(VPCs) by the combined effect of the Ras, Wingless and Notch signaling cascades, and of three redundant
synMuv (synthetic Multivulva) pathways grouped into classes A, B and C. Here we show that signaling via
the GLI- (Glioma-associated protein) like transcription factor TRA-1, which is the terminal regulator of the C.
elegans sex determination cascade, is a newly discovered pathway specifying vulval cell fates. We found that
TRA-1 accumulates in, and regulates the fusion process of, cells (including the VPCs and hypodermal cells)
involved in vulval patterning. TRA-1 also inﬂuenced the expression of the Hox gene lin-39, a central regulator
of vulval development. Furthermore, inactivation of tra-1, which transforms animals with hermaphrodite-
speciﬁc karyotype into males, promoted vulval induction in synMuv A, but not in synMuv B, mutant
background. This implies that TRA-1 interacts with the class B synMuv genes, many of which are involved in
chromatin-mediated transcriptional repression of cell proliferation. These results may help to understand
how compromised GLI activity in humans leads to cancer. Together, we suggest that the GLI protein family
involved in several key developmental processes in both invertebrates and vertebrates regulates somatic cell
fates through inﬂuencing, at least in part, the expression of speciﬁc Hox genes.
© 2009 Elsevier Inc. All rights reserved.IntroductionThe nematode Caenorhabditis elegans is a sexually dimorphic
organism: it develops as a hermaphrodite or as a male. The self-fertile
hermaphrodite is essentially a female, the germ-line of which
produces both sperms and oocytes. The primary signal that deter-
mines sex in C. elegans is the ratio of sex chromosomes to sets of
autosomes: animals with one sex chromosome (XO) are normally
males, and animals with two sex chromosomes (XX) are hermaph-
rodites (Zarkower, 2006; Hodgkin, 1987; Meyer, 2000). All aspects of
somatic sexual differentiation in this organism are controlled by the
sex-determining pathway consisting of a cascade of negative
regulatory interactions (Fig. 1A). tra-1 (transformer-1) is the terminal
control gene for somatic sex determination in C. elegans. It encodes
two proteins, TRA-1B with two zinc-ﬁnger motifs and TRA-1A with
ﬁve zinc ﬁngers (Zarkower and Hodgkin, 1992), which are similar to
the Drosophila Hedgehog transcription factor Cubitus interruptus and
the vertebrate Glioma-associated (GLI) proteins. In somatic cell fate
control, TRA-1 acts in parallel to the promyelocytic leukaemia zinc-
ﬁnger-like TRA-4, which was identiﬁed as a synMuv B gene (Grote and
Conradt, 2006).l rights reserved.The class B synMuv pathway, which involves several chromatin
factors such as components of the NuRD nucleosome remodeling and
histone deacetylase complex and the Rb (Retinoblastoma)/E2F
complex, inhibits vulval induction during hermaphrodite develop-
ment (Harrison et al., 2006, 2007). The vulval tissue of the C. elegans
hermaphrodite develops from a subset of six vulval precursor cells,
consecutively numbered P(3–8).p, by the combined effect of different
signal transduction cascades (Fig. 1B). At the L3 larval stage, an
inductive signal from the gonadal anchor cell (AC) activates a
conserved Ras signaling pathway in the three closest VPCs, P(5–7).p,
to promote vulval fates; descendants of these cells form eventually the
vulval tissue (Sternberg and Horvitz, 1986; Sternberg, 2005). A
canonical Wingless (Wnt) pathway acts in parallel to Ras to induce
vulval fates in the VPCs (Gleason et al., 2002). A LIN-12/Notch-
mediated lateral signal emitted from P6.p speciﬁes the 2° fate and
attenuates Ras signaling in the adjacent VPCs, P(5,7).p (Greenwald et
al., 1983; Ambros, 1999; Berset et al., 2001; Yoo et al., 2004;
Greenwald, 2005). An inhibitory signal mediated by three redundant
classes (A, B and C) of synMuv genes antagonizes Ras signaling to
repress vulval fates in each VPC (Ceol and Horvitz, 2004; Harrison et
al., 2007; Fay and Yochem, 2007; Cui and Han, 2007). Single loss-of-
function mutations in either synMuv class do not affect vulval
induction, whereas the combination of two mutations from different
classes results in a multivulva phenotype (Muv) due to ectopic
induction of VPCs. synMuv genes act in the hypodermis where they
Fig. 1. Reduced tra-1 activity causes defects in vulval patterning. (A) Genetic cascade for somatic sex determination in C. elegans. The zinc-ﬁnger transcription factor TRA-1 speciﬁes
female fates by repressing male-speciﬁc genes. Bars indicate negative regulatory interactions, arrows show activations. (B) Schematic view of VPC speciﬁcation. At the time of vulval
induction, six initially equivalent VPCs, P(3–8).p, adopt a 3°–3°–2°–1°–2°–3° stereotypical pattern of cell fates as a net outcome of inductive (mediated by the Ras pathway; red
arrows), lateral (mediated by the LIN-12/Notch pathway; blue arrows and bars), and inhibitory (mediated the synMuv pathways; black bars) signals. The descendants of 1° and 2°
cells give raise the adult vulval tissue. AC: Anchor Cell. (C) A tra-1(e1488) single mutant animal showing a protruded vulval phenotype. The arrow points to the vulval protrusion; the
arrowhead shows the tail region. A similar phenotype was observed in tra-1(RNAi) animals (not shown). (D) The tra-1 hypomorphic allele e1488 causes misspeciﬁcation of 2° fates
by P(5,7).p. Left panel: EGL-17::GFP accumulates in the 2° vulval cells of a wild-type L4-stage larva. Right panel: reduced EGL-17::GFP accumulation in the vulva of a tra-1(e1488)
mutant L4 larva. Only a few descendants of P5.p express EGL-17::GFP. (E) Sequence speciﬁcity of tra-1 RNAi constructs used in this study. Green boxes represent the two tra-1
transcripts, Y47D3A.6a and Y47D3A.6b; double arrows indicate regions that were ampliﬁed for the different tra-1 RNAi constructs.
340 E. Szabó et al. / Developmental Biology 330 (2009) 339–348adjust the activity of Ras signaling (Cui et al., 2006). As a result of
these inductive, lateral and inhibitory signaling events, P6.p, the
closest VPC to the AC, adopts a primary (1°) vulval fate, while its
adjacent VPCs, P(5,7).p, adopt secondary (2°) vulval fates. The non-
induced VPCs, P(3,4,8).p, adopt non-vulval tertiary (3°) fates. In wild-
type hermaphrodites, P(3–8).p always adopt the 3°–3°–2°–1°–2°–3°
stereotypical pattern of vulval fates (Fig. 1B).
Emerging evidence indicates that signals affecting vulval fates
are integrated on the promoter of the Hox gene lin-39, which is
similar to Drosophila Antennapedia (Antp) and Deformed (Dfd),
and mammalian HoxD4 (Wang et al., 1993; Clark et al., 1993). In
the VPCs, Ras signaling inhibits the ETS-like transcription factor
LIN-1, which, in turn, blocks the expression of lin-39 (Clandinin et
al., 1997; Maloof and Kenyon, 1998; Wagmaister et al., 2006a;
Wagmaister et al., 2006b). LIN-1 physically interacts with the
NuRD component LET-418 to repress lin-39 activity in these cells
(Guerry et al., 2007). Wnt signaling also upregulates the VPC-
speciﬁc expression of lin-39 (Fröhli Hoier et al., 2000; Gleason et
al., 2002, Wagmaister et al., 2006a). Furthermore, LIN-39 controls
the transcriptional activity of lin-12/Notch and lag-2/Delta/Serrate,
which encode a Notch receptor and a Notch ligand respectively, inVPCs before and at the time of vulval induction (Takács-Vellai et
al., 2007). Thus, LIN-39 functions as a central regulator of vulval
fates.
Herein we show that the sex-determining pathway is required for
normal vulval patterning. Consistently, tra-1, the terminal regulator of
the pathway, is expressed in the hypodermis and VPCs where its
activity inﬂuences lin-39 expression. Furthermore, TRA-1A is able to
bind to a regulatory region of lin-39 that contains a putative TRA-1A
binding site being conserved between C. elegans and C. briggsae.
Inhibition of tra-1 in class A synMuv, but not in class B synMuv,
mutant background causes ectopic vulval induction, indicating that
tra-1 is a class B synMuv gene. Thus, signaling via TRA-1 is a novel
pathway that determines vulval fates.
Results
tra-1 inﬂuences vulval patterning
tra-1 promotes hermaphrodite somatic fates: inhibition of tra-1
transforms XX animals into low-fertility males, whereas hyperactiva-
tion of tra-1 transforms both XO and XX animals into fertile females.
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hermaphrodite soma. For example, e1488, which is a tra-1 reduction-
of-function mutation, confers an intersex phenotype; homozygous
tra-1(e1488) mutants have hermaphrodite gonad and intestine, but
the rest of their body (e.g., the tail region, musculature and nervous
system) is male (Hodgkin, 1993). We found that tra-1(e1488) mutant
XX animals display characteristic defects in vulval development. 88%
of these mutants (n=858) developed as self-fertile intersexes, while
the rest developed as males. 42% of tra-1(e1488) intersexes were able
to develop vulval structure. tra-1(e1488) mutants with vulval tissue
exhibited a protruded vulva (Pvl) phenotype with penetrance of 28%
(Fig. 1C). Occasionally (b1%), these nematodes were Muv, i.e., they
developed more than one vulval structure (data not shown). These
results are consistent with previous ﬁndings reporting that instable
duplications that cover tra-1 locus affect vulval patterning (Hunter
and Wood, 1990).
To examine vulval fate determination in tra-1(e1488) mutant
animals, we analyzed homozygous mutant L4 stage larvae with
Nomarski microscopy. The most frequent vulval abnormality we
observed in these animals was the failure of P(5,7).p to adopt 2° fates,
as revealed by misexpression of a green ﬂuorescence protein- (GFP)Fig. 2. TRA-1 inﬂuences LIN-12/Notch-mediated lateral signaling during C. elegans vulval d
number of ectopic pseudovulval protrusions in males bearing the lin-12(n137) allele. n137 is
Both homozygous and heterozygous lin-12(n137)mutant animals were scored. n=154 (con
Pb0.0001; unpaired t-test. (B) Knockdown of tra-1 causes ectopic vulval protrusions in lin-
animals with obvious vulval defects. White arrows point to vulval protrusions. Bottom pane
specimen displays 9 vulval protrusions (white and red arrows). Note that homozygous lin-12
Alper and Kenyon, 2002). The arrowhead points to the tail structure. (C) Inhibition of t
pseudomales. “−” indicates non-induced vulval fate, “+” indicates induced vulval fate.labeled EGL-17 reporter, which is a 2° fate marker at the late L4 larval
stage (Burdine et al., 1998). EGL-17::GFP accumulation was evident in
the P(5,7).p cells only in 18.7% of tra-1(n1488) hermaphrodites
(n=48) (Fig. 1D). We next depleted TRA-1 by RNA interference
(RNAi). The tra-1 RNAi construct used for this set of experiments was
generated by amplifying Y47D3A.6 coding sequences spanning exons
from 5 to 9, which overlap with both tra-1 transcripts (Fig. 1E). This
tra-1 RNAi treatment strongly phenocopied the pleiotropic Tra-1
(e1488) phenotype. At 25 °C, 97.95% (n=295) of tra-1(RNAi) animals
were intersexes, meaning they developed vulval structure and a Tra-
like tail. In addition, tra-1(RNAi) animals were almost completely
sterile, and their one-armed gonad was highly disorganized. Con-
sistent with the Tra-1(e1488) phenotype, 6.44% of tra-1(RNAi)
animals displayed a Pvl phenotype, and less than 1% of them had
two vulval protrusions. We also generated another tra-1 RNAi
construct that is speciﬁc exclusively to the tra-1a transcript (Fig. 1E).
tra-1a RNAi caused an intersex phenotype with 2.22% (n=135)
penetrance only. However, 27.4% of the tra-1a(RNAi) hermaphrodites
still showed a Pvl phenotype. These results indicate that depletion of
TRA-1A interferes with vulval development, and knockdown of both
tra-1 transcripts has more severe effects on vulval patterning thanevelopment. (A) Depletion of TRA-1 increases, while its hyperactivation reduces, the
a gain-of-function mutation. Control: him-5(e1490) males carrying lin-12(n137) allele.
trol), 260 (tra-1(e1099)), 553 (tra-1(RNAi)), 320 (fem-3(2006)) and 455 (fem-3(RNAi)).
12 gain-of-function mutant background. Upper panels: two representative tra-1(RNAi)
l: ectopic vulval protrusions (red arrows) in a lin-12(n137gf); tra-1(RNAi) animal. This
(n137gf)males normally have 7 vulval protrusions at maximum (Greenwald et al., 1983,
ra-1 promotes P7.p and P8.p to adopt induced vulval fate in lin-12(n137gf) mutant
342 E. Szabó et al. / Developmental Biology 330 (2009) 339–348perturbing the tra-1a transcript alone. Thus, both TRA-1A and TRA-1B
inﬂuence C. elegans vulval development.
We next asked whether there were any other components of the
core sex determination pathway besides tra-1 that are also involved in
vulval fate speciﬁcation. To address this issue, we examined a fem-3
temperature sensitive mutation, e2006. fem-3 acts upstream of tra-1
to control somatic fates (Fig. 1A), and its inhibition leads to complete
feminization of XO and XX animals (Hodgkin, 1986). At 25 °C, the fem-
3(e2006) mutation caused a Pvl phenotype in him-5(e1490) mutant
background (8%; n=155), i.e., these fem-3(e2006); him-5(e1490)
double mutant XO animals were actually intersexes. Together, these
results indicate that signaling via TRA-1 affects vulval development in
C. elegans.
tra-1 inﬂuences LIN-12/Notch-mediated lateral signaling during vulval
development
The failure of tra-1 deﬁcient animals to specify 2° vulval fates
raised the possibility that the sex determination cascade inﬂuences
LIN-12/Notch-mediated lateral signaling during vulval patterning.
Indeed, we found that downregulation of tra-1 markedly enhances
vulval induction in males carrying the mutation lin-12(n137) (Fig.
2A). lin-12(n137) is a gain-of-function allele that promotes 2° fates inFig. 3. tra-1 is expressed in VPCs prior to and at the time of vulval induction. (A) GFP::TRA
picture; lower panel: the corresponding ﬂuorescence image. (B) Quantiﬁcation of TRA-1 accu
least one VPCwas glowingwere scored). (C) GFP::TRA-1 accumulation in a late L3 larva. Over
descendants. (D) GFP::TRA-1 is expressed in Hyp7 in a young adult. Arrowheads point to hthe Pn.p cells even in heterozygous form, resulting in multiple
pseudovulval protrusions in both hermaphrodites and males (Green-
wald et al., 1983; Alper and Kenyon, 2002). While lin-12(n137/+)
males had 3.88 protrusions on average, this value was 4.85 in lin-12
(n137/+); tra-1(e1099) mutant animals (n=344; Pb0.0001;
unpaired t-test). Similarly, treating lin-12(n137/+) animals with tra-
1 RNAi increased the average number of vulvae to 4.89. Interestingly,
less than 1% of lin-12(n137/+); tra-1(RNAi) animals possessed 9
vulval protrusions (Fig. 2B). Because homozygous lin-12(n137) males
normally have 7 pseudovulvae at maximum (Greenwald et al., 1983;
Alper and Kenyon, 2002), the presence of extra protrusions indicates
defects in VPC formation, which are probably owing to abnormal cell
fusion early at the L1 larval stage (see later in the text) (Fig. 2C).
Consistently, depletion of fem-3, which elevates TRA-1 activity,
reduced the average number of pseudovulval protrusions in lin-12
(n137/+) background (Fig. 2A). Our results imply that TRA-1
attenuates LIN-12/Notch-mediated lateral signaling during vulval
development.
TRA-1 accumulates in VPCs prior to and at the time of vulval induction
LIN-12 accumulates in all VPCs until the mid-L3 stage, but at the
time of vulval induction its levels becomes reduced in P6.p as a-1 accumulates in certain VPCs (white arrows) of an L3 larva. Upper panel: Nomarski
mulation in the VPCs at the early L3 larval stage. n=35 (only those animals inwhich at
lay of a Nomarski imagewith its corresponding ﬂuorescence image. Arrows indicate VPC
ypodermal nuclei, small white arrows show descendants of P5.p and P7.p.
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Levitan and Greenwald, 1998). To determine whether TRA-1 also
accumulates in the VPCs, or at least in some of them, we monitored
the expression of a functional GFP::TRA-1 reporter, rdEx1 (Mathies et
al., 2004). GFP::TRA-1 was present in VPCs prior to and at the time of
vulval induction (Figs. 3A, B). This TRA-1 reporter was hardly
detectable in all VPCs at a given time in a single animal. Rather,
VPC-speciﬁc accumulation of TRA-1 highly varied among the
individuals, depending on which VPCs were actually GFP positive
(Fig. 3B). After VPC division, GFP::TRA-1 was still present in the
descendants of induced VPCs (Fig. 3C). In some occasion, a faint GFP
expression was detectable in the descendants of non-induced VPCs
too (Fig. 3C). In addition to the P(3–8).p lineages, TRA-1 also
accumulated in the hypodermis (Fig. 3D), from which inhibitory
signal is known to be emitted (Myers and Greenwald, 2005). Thus, atFig. 4. TRA-1A binds in vitro to the regulatory region of lin-39/Hox. (A) Putative TRA-1A bind
(ATG). Bar represents 1 kb. (B) Putative TRA-1A binding site within the lin-39 promoter is c
by red coloring; conserved ﬂanking sequences are in blue. (C) Gel mobility shift assay show
putative TRA-1A binding site. The TRA-1A binding site from the egl-1 promoter was use
oligonucleotide+lysate, 3: egl-1 oligonucleotide+TRA-1A (with Zn2+), 4: lin-39 oligonu
oligonucleotide+lysate, 7: mutated lin-39 oligonucleotide+TRA-1A (with Zn2+), 8 free lithe time of vulval induction tra-1 is active in cells critical for normal
vulval patterning.
TRA-1A binds to the regulatory region of lin-39
During vulval induction, the transcription factor LIN-39/HOX
regulates the VPC-speciﬁc expression of lin-12 and lag-2 (Takács-
Vellai et al., 2007), which encode a Notch receptor and its Delta/
Serrate-like ligand, respectively (Greenwald et al., 1983; Chen and
Greenwald, 2004). In addition, misspeciﬁcation of 2° fates by P(5,7).p
is also a feature for mutants with reduced lin-39 activity (Takács-
Vellai et al., 2007). Similarly, decreased activity of ceh-20, which
encodes an Extradenticle-like protein acting as a co-factor of LIN-39
(Liu and Fire, 2000) in several steps of vulval development (Shemer
and Podbilewicz, 2002; Yang et al., 2005), causes a failure in 2° vulvaling site within the lin-39 promoter. The arrow indicates the translational initiation site
onserved between C. elegans and C. briggsae. The core TRA-1-binding site is highlighted
ing that TRA-1A is able to bind a fragment from the lin-39 promoter that contains the
d as control (Conradt and Horvitz, 1999). Lane 1: free egl-1 oligonucleotide, 2: egl-1
cleotide+lysate, 5: lin-39 oligonucleotide+TRA-1A (with Zn2+), 6: mutated lin-39
n-39 oligonucleotide.
Fig. 5. tra-1 affects lin-39 expression in the Pn.p cells. (A) LIN-39 accumulates in Pn.p
cells of an L2 stage male. Arrows indicate Pn.p cells. Upper panel: Nomarski picture;
bottom panel: the corresponding ﬂuorescence image. (B) Accumulation of LIN-39 in
certain Pn.p cells (arrows) at the L2-stage in tra-1(RNAi) background. Upper panel:
Nomarski picture; bottom panel: the corresponding ﬂuorescence image. In this
specimen, stars indicate those Pn.p cells expressing lin-39 at excessive levels, as
compared with the wild-type. Fluorescence images in A and B were captured with the
same exposure time. (C) The penetrance of LIN-39 overexpression in the P3p-P8.p cells
of tra-1(RNAi) animals, as compared with the wild-type background. Columns indicate
the percentage of individual Pn.p cells, the glowing intensity of which is higher than the
corresponding basal levels observed in wild-type background. Fluorescent images were
collected at 600 X magniﬁcation (Zeiss) and captured with the same exposure time
from L2 stage worms. Pixel was counted in the center of each glowing Pn.p cell. 40 (N)
specimens were examined. For the control, average pixel intensity was determined
from 5 L2 stage larvae treated with control RNAi (expressing the empty vector).
Fig. 6. tra-1 inﬂuences cell fusion. (A) ajm-1::gfp expression in a wild-type male (upper
panel) and a tra-1(e1099) mutant animal (bottom panel). Both animals are at the L2
stage. Arrows point to the unfused Pn.p cells. Note that the normal cell fusion pattern of
these cells is 4–3. (B) ajm-1::gfp expression in a wild-type (upper panel) and a tra-1
(RNAi) (bottom panel) adult animal. White arrows point to the adherens junction of
seam cells and the hypodermis. In the tra-1(RNAi) animal, the arrowhead shows an
adherens junction between two adjacent seam cells, indicating a failure in the fusion
process. (C) Adult XX animals defective for tra-1 exhibit alae defects. Black arrows
indicate the individual cuticular ridges, black bars show the alae, white arrows point to
adherens junctions of the seam cells. In tra-1-deﬁcient animals the structure of the alae
is fragmented (short black bars).
344 E. Szabó et al. / Developmental Biology 330 (2009) 339–348fate speciﬁcation as well (Yang et al., 2005; Takács-Vellai et al.,
2007). Thus, we reasoned that tra-1 might affect lin-39/Hox
expression in the VPCs. First, we analyzed in silico the regulatory
region of lin-39, and found a putative TRA-1 binding site (Conradt
and Horvitz, 1999; Yi et al., 2000) 1 kilobase (kb) upstream of the
ATG translational initiation site which is highly conserved between C.
elegans and C. briggsae (Figs. 4A, B). Next we performed a gel
mobility shift assay, and showed that in vitro translated full-length
TRA-1A is able to bind to the wild-type, but not the mutant, putative
TRA-1 binding site (Fig. 4C). In this experiment, the binding of TRA-
1A to the lin-39 fragment is weaker than to the egl-1 oligonucleotide.
Together, these results imply that TRA-1A may function as a
transcriptional regulator of lin-39. Consistently, a functional LIN-
39::GFP reporter, zhIs1, which normally accumulates at basal levels in
Pn.p cells (Fig. 5A), displayed excessive levels in these cells in tra-1
(RNAi) background (Fig. 5B). We compared LIN-39 levels in certain
Pn.p cells between wild-type males and tra-1(−) mutant animals. At
the early L2 larval stage, LIN-39 accumulation in these cells was more
abundant in the mutant than in wild-type animals (Fig. 5C). Thus,
lin-39/Hox is a direct transcriptional target of TRA-1A, and tra-1
inhibits the Pn.p-speciﬁc expression of lin-39.tra-1 regulates the fusion of Pn.p cells with the hypodermis and the
fusion of seam cells with each other
To conﬁrm further the regulatory interaction between tra-1 and
lin-39, we also monitored the effects of tra-1 on the fusion of Pn.p
cells with the hypodermis. This cell fusion event occurs in the L1 larval
stage, soon after the Pn.p cells are generated (Sulston and Horvitz,
1977), and is mediated, at least in part, by LIN-39 (Wang et al., 1993;
Clark et al., 1993). In wild-type males, a subset of the Pn.p cells
Table 1
Reduced tra-1 activity promotes, while hyperactive tra-1 suppresses, vulval induction
in synMuv AB double mutant background.
Genotype Average vulva number n P
tra-1(RNAi) 0.4a 378 –
fem-3(e2006) 1.0 200 –
fem-3(RNAi) 1.0 670 –
lin-15(n767); dpl-1(n2994) [synMuv AB] 4.2 100 –
fem-3(e2006); lin-15(n767); dpl-1(n2994) 3.6 100 b0.0001
lin-38(n751); lin-36(n766) [synMuv AB] 3.3 100 –
tra-1(RNAi); lin-38(n751); lin-36(n766) 3.9 170 b0.0001
fem-3(RNAi); lin-38(n751); lin-36(n766) 3.0 100 b0.001
lin-8(n111); lin-35(n745) [synMuv AB] 3.3 100 –
tra-1(RNAi); lin-8(n111); lin-35(n745) 4 48 0.004
fem-3(RNAi); lin-8(n111); lin-35(n745) 2.7 35 b0.0001
lin-38(n751); dpl-1(n3643) [synMuv AB] 3.3 105 –
tra-1(RNAi); lin-38(n751); dpl-1(n3643) 3.7 36 0.025
fem-3(RNAi); lin-38(n751); dpl-1(n3643) 2.9 100 b0.001
lin-8(n111); lin-36(n766) [synMuv AB] 3.5 100 –
tra-1(RNAi); lin-8(n111); lin-36(n766) 4.5 100 b0.0001
fem-3(RNAi); lin-8(n111); lin-36(n766) 2.8 100 b0.0001
lin-8, lin-15 and lin-38 are class A synMuv genes, dpl-1, lin-36 and lin-35 are class B
synMuv genes.
a Reduced vulval induction in tra-1(RNAi) animals is due to masculinization of the
soma. For statistics, unpaired t-tests were used. To calculate P, triple mutants were
compared with the corresponding synMuv AB double mutants. Although they are
statistically signiﬁcant, in some cases the genetic interactions between the synMuv AB
pathways and tra-1 or fem-3 are rather weak, probably due to weak reactions of RNAi.
Fig. 7. tra-1 interacts with the class B synMuv pathway. (A) A tra-1(RNAi);lin-38(n751)
intersex animal with multiple vulval protrusions (arrows). The arrowhead points to the
masculinized gonad. lin-38 is a synMuv A gene. (B) Aworking model showing how tra-1
inﬂuences vulval fate determination in C. elegans. TRA-1 interacts with the synMuv B
pathway, or, alternatively, may act as a synMuv B protein to repress lin-39 expression.
The synMuv B pathway involves, perhaps including tra-1, the C. elegans NuRD
(nucleosome remodeling and histone deacetylase) and Rb- (Retinoblastoma protein)
containing complexes, as well as other synMuv B proteins. Arrows indicate activations;
bars indicate inhibitory interactions. According to this model, tra-1 attenuates the
accumulation of LIN-39 (i.e., suppresses vulval development) in certain VPCs.
Decreased levels of LIN-39 in turn are unable to activate Notch signaling, leading to a
misspeciﬁcation of the 2° vulval fate (see Takács-Vellai et al., 2007).
345E. Szabó et al. / Developmental Biology 330 (2009) 339–348remains unfused in a deﬁned pattern: 4 cells in the mid-body region
corresponding to P(3–6).p and 3 cells in the tail region corresponding
to P(9–11).p (Fig. 6A). All unfused Pn.p cells have the potential to
generate ectopic pseudovulval protrusions in lin-12(n137gf) mutant
males (Greenwald et al., 1983; Alper and Kenyon, 2002). However, no
protrusion is visible in the regionwhere P(7,8).p cells have fused with
the hypodermis. Using an ajm-1::gfp reporter that is speciﬁc for a
component of adherens junctions and thus outlines unfused cells
(Mohler et al., 1998), we found that tra-1(e1099)mutants exhibit a 6–
3 pattern of unfused cells (Fig. 6A). In these animals, P(7,8).p
remained unfused instead of fusing with hyp7. The penetrance of
ectopic cell fusion was 18% and 9% in tra-1(e1488) (n=110) and tra-1
(e1099) (n=33) mutant backgrounds, respectively. Thus, tra-1 affects
a cell fusion event that is under the control of lin-39. This can also
explainwhy lin-12(n137)males defective for tra-1 could possess more
than 7 pseudovulval protrusions (Fig. 2B).
We next assessed the effects of tra-1 on the fusion of another cell
type, the seam cells. The seam cells lie along the apical midline of the
hypodermis at both sides of the animal. In adults, 16 seam cells on
each side are terminally differentiated and fused to form a continuous
lateral syncytium. These cells produce the alae, a set of cuticular ridges
that extend longitudinally along the two sides of the animal over the
seam cells (Shemer et al., 2004). The structure of the alae markedly
differed between the wild-type and tra-1 deﬁcient animals (Fig. 6B).
In the wild-type, the alae formed continuous, longitudinally-oriented
ridges. Conversely, in animals depleted for tra-1 the alae often (53%,
n=95) branched or discontinued, indicating that the seam cells had
failed to fuse with each other.Table 2
tra-1(e1099) promotes vulval induction in synMuv AB double mutant XX pseudomales.
Genotype Karyotype Sexual phenotype
wild type XX Hermaphrodite
wild type XO Male
lin-8(n111); lin-35(n745) XX Hermaphrodite
lin-8(n111); lin-35(n745) XO Male
tra-1(e1099); lin-8(n111);
lin-35(n745)
XX Male
lin-8 is a class A synMuv gene, whereas lin-35 is a class B synMuv gene. tra-1(e1099)mutation
with synMuv AB double mutant XO males. Only 32.7% of the triple mutants are Muv, where
comparing lin-8(n111);lin-35(n745) double mutant males with tra-1(e1099);lin-8(n111);lin-Inactivation of tra-1 promotes vulval induction in synMuv AB double
mutant animals
The VPC-speciﬁc expression of lin-39 is negatively regulated by the
ETS-like transcription factor LIN-1 (Maloof and Kenyon, 1998), which is
targeted to the lin-39 promoter via the chromatin remodeling factor
LET-418 (Guerryet al., 2007). TheMi2-like LET-418 is a componentof the
C. elegans NuRD complex acting as part of the synMuv B pathway (von
Zelewsky et al., 2000). LET-418 is also required for the execution of 2°
fates controlled by LIN-12/Notch signaling (von Zelewsky et al., 2000).
Moreover, synMuv B genes have been shown to promote hermaphrodite
fates (Grote and Conradt, 2006). These data prompted us to investigate
whether tra-1 interacts with the synMuv B pathway to control vulval
development. To answer this question, we ﬁrst examined whether
altering the activity of tra-1 in either direction affects vulval induction in
synMuvABdoublemutant background. Inactivation of fem-3 suppressed
vulval induction in synMuvABdoublemutant hermaphrodites (Table 1).
In contrast, knockdown of tra-1 signiﬁcantly increased the average
number of vulval protrusions in synMuv AB double mutant hermaph-
rodites (Table 1). It isworthnoting that the genetic interactions between
the synMuv AB pathways and fem-3 or tra-1 were rather weak when
inhibitions were achieved by RNAi.Average vulva number n P
1 56 –
0 100 –
3.75 100 –
0.65 144 –
1.21 100 b0.0001
promotes vulval induction in synMuv AB double mutant XX pseudomales, as compared
as 17.3% of them have no vulva at all. P value (using unpaired t-test) was calculated by
35(n745) triple mutant animals.
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forms XX animals into males, also promoted vulval induction in syn-
Muv AB double mutant background, as compared with synMuv AB
mutant males (Table 2). We note, however, that the majority of tra-1
(e1099);synMuv A;synMuv B triple mutant animals and synMuv A;
synMuv B double mutant males were non-Muv, which is probably due
to a strong masculinization of the soma (Table 2). The pleiotropic
effects of tra-1(e1099) mutation can also explain why knockdown of
tra-1 enhances, while its knockout reduces, vulval induction in syn-
Muv AB double mutant background when compared with synMuv AB
double mutant hermaphrodites (Tables 1 and 2). We suggest that
masculinization caused by e1099 covers the vulval inducing effect of
the mutation in synMuv AB double mutant hermaphrodites.
Inactivation of tra-1 causes ectopic vulval induction in synMuv A, but
not in synMuv B, mutant background
Next, we treated synMuv A single mutant animals (for review, see
Fay and Yochem, 2007) with tra-1 RNAi. lin-38(n751);tra-1(RNAi) and
lin-8(n111);tra-1(RNAi) animals showed a Muv phenotype (N2 vulval
protrusions per animal) with penetrance of 14.3% and 2.1%, respec-
tively (Fig. 7A, Table 3). The relatively low penetrance of Muv
phenotype in these animals might also result from partial masculi-
nization of the ventral body part. Contrary, tra-1 RNAi treatment failed
to promote vulval development in synMuv B mutant background
(Table 3). We generated a third tra-1 RNAi construct, called tra-1ab,
covering the ﬁrst 450 bp of both tra-1 transcripts (Fig. 1E). tra-1ab
RNAi treatment also resulted in a Muv phenotype in synMuv Amutant
background (Table 3). Finally, we crossed tra-1(e1099) animals with
lin-8 and lin-38 (synMuv A) single mutants, and found vulval
protrusions in the double mutant animals, which were actually
males (Table 3). Again, the relatively low penetrance of the Muv
phenotype in these tra-1 deﬁcient synMuv Amutant animals might be
due to masculinization of the ventral body side. Based on our ﬁndings
that depletion of TRA-1 in synMuv A, but not in synMuv B, mutant
hermaphrodites can cause a Muv phenotype, and that tra-1(e1099);
synMuv A double mutant males can undergo vulval induction, we
conclude that tra-1 interacts with the synMuv B pathway or,
alternatively, may be a synMuv B gene to inhibit vulval development
(Fig. 7B).Table 3
Inactivation of tra-1 promotes vulval induction in synMuv A, but not in synMuv B,
mutant background.
Genotype Sexual phenotype % Muv n P
wild type Hermaphrodite 0 Many –
wild type Male 0 Many –
lin-38(n751) [synMuv A] Hermaphrodite 0 326 –
lin-8(n111) [synMuv A] Hermaphrodite 0 850 –
tra-1(e1099) Male 0 210 –
tra-1(RNAi)a Intersex/male 0 230 –
tra-1ab(RNAi) Hermaphrodite 0 100 –
lin-38(n751); tra-1(e1099)b Male 0.02 2190 b0.01
lin-8(n111); tra-1(e1099)b Male 0.015 2950 b0.01
lin-38(n751); tra-1(RNAi) Intersex 14.3 320 b0.0001
lin-38(n751); tra-1ab(RNAi) Hermaphrodite 3.8 644 b0.0001
lin-8(n111); tra-1(RNAi) Intersex 2.1 320 b0.001
lin-8(n111); tra-1ab(RNAi) Hermaphrodite 1.5 395 b0.01
lin-35(n745) [synMuv B] Hermaphrodite 0 150 –
lin-35(n745); tra-1(RNAi) Intersex 0 889 –
lin-36(n766) [synMuv B] Hermaphrodite 0 197 –
lin-36(n766); tra-1(RNAi) Intersex 0 2322 –
a More than 2 vulvae per animals.
b Double mutant males that underwent vulval induction show generally 1 vulval
protrusion. For statistics, unpaired t-test was used. “Double mutants” were compared
with the corresponding synMuv A single mutants. The relatively low penetrance of the
Muv phenotype triggered by tra-1 deﬁciency is likely due to a strong masculinization of
the soma.Discussion
tra-1 inﬂuences vulval patterning, probably by controlling the
expression of lin-39/Hox in the Pn.p cells
TRA-1A, the terminal regulator of the C. elegans sex-determining
pathway, speciﬁes hermaphrodite-speciﬁc somatic fates by repressing
the expression of male-speciﬁc genes (Zarkower, 2006). To date, only a
few direct targets of TRA-1A have been identiﬁed. These include egl-1,
mab-3, ceh-30 and dmd-3, which regulate different aspects of somatic
fate determination (Conradt and Horvitz,1999; Yi et al., 2000; Schwartz
and Horvitz, 2007; Peden et al., 2007; Mason et al., 2008). In this study,
we have recognized theHox gene lin-39 as a novel transcriptional target
of TRA-1A. In vitro synthesized TRA-1A was able to bind to the lin-39
regulatory region containing a conserved TRA-1A binding site (Figs. 4B,
C). Furthermore, inhibiting tra-1 resulted in an excess in LIN-39 levels in
Pn.p cells (Fig. 5B). These results imply that the nematode sex
determination pathway controls cell fates through repressing, at least
in part, certain Hox genes. In addition, tra-1 affects vulval development,
probably by reducing lin-39 activity in the VPCs. Thus, signaling via tra-1
is a newly identiﬁed pathway involved in vulval patterning.
The C. elegans vulva, which is a sex-speciﬁc organ as it normally
develops only in hermaphrodites, provides an excellent experimental
microcosm for studying how cell fate is speciﬁed according to the
combined effect of different signaling pathways. lin-39 acts as a
central regulator of vulval development: its regulatory region
integrates and co-ordinates signals from the Ras, Wnt, Notch and
synMuv pathways to determine vulval fates (Sternberg and Horvitz,
1986; Clandinin et al., 1997; Gleason et al., 2002; Maloof and Kenyon,
1998; Berset et al., 2001; Wagmaister et al., 2006a, 2006b; Takács-
Vellai et al., 2007; Guerry et al., 2007). As we have shown here, the
regulatory effect of the sex-determining pathway on vulval patterning
also converges on lin-39. In addition, tra-1 appeared to interact with
the synMuv B pathway to control vulval fates: tra-1 deﬁciency caused
ectopic vulval induction in synMuv A mutant background (Table 3).
tra-1 RNAi treatment conferred a Muv phenotype in synMuv Amutant
background, but was unable to cause multiple vulval protrusions in
synMuv B mutant animals (Table 3). Thus, ectopic vulval protrusions
triggered by tra-1 deﬁciency cannot be a simple consequence of
abnormal vulval morphogenesis or compromised cell fusion event.
Furthermore, silencing of tra-1 enhanced vulval induction in synMuv
AB double mutant background, whereas downregulation of fem-3,
which hyperactivates tra-1, suppressed vulval induction in synMuv AB
double mutant animals (Tables 1 and 2). However, tra-1(e1099)
mutation, which is a strong loss-of-function allele, also suppressed
vulval induction in synMuv AB double mutant animals (Tables 2 and
3). This apparent contradiction might result from the fact that e1099
strongly masculinizes the ventral hypodermis, from which the vulval
tissue develops in hermaphrodites. The pleiotropic effects of e1099 are
likely to cover the inhibitory function of tra-1 on vulval induction.
Indeed, e1099 markedly enhanced vulval induction in synMuv AB
double mutant background, as compared with the corresponding
synMuv AB double mutant males (Table 2).
tra-1(e1099)mutation also induced vulval development in synMuv
A single mutant males (Table 3). As we noted, the majority of tra-1
(e1099);synMuv A(−) double mutant pseudomales that had under-
gone vulval induction showed 1 vulval protrusion only. However,
vulva never develops in synMuv A single mutant XXmales. Our results
suggest that the sex determination pathway inhibits vulval develop-
ment redundantly with the synMuv A pathway. Thus, the sex
determination pathway interacts with the synMuv B pathway to
control vulval fates. These results are consistent with previous
ﬁndings demonstrating that tra-1 acts in the hypodermis, in which
the synMuv B pathway also exerts its effects on vulval fates (Myers
and Greenwald, 2005; Cui et al., 2006), to inﬂuence vulval develop-
ment (Hunter and Wood, 1990).
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Understanding how cell fusion is controlled is a fundamental
problem in biology, with important medical implications. In this
study, we have uncovered a role for tra-1 in the fusion of Pn.p cells
with the hypodermis (Fig. 6A), and also in the fusion of seam cells
with each other (Fig. 6B). This is a novel cellular function for tra-1 and
the Gli/Ci gene family. The elevated number of unfused Pn.p cells in
tra-1 deﬁcient background can explain why lin-12(n137gf); tra-1
(RNAi)males often showmore than 7 vulval protrusions (Fig. 2B). This
implies that tra-1 prevents certain Pn.p cells from undergoing fusion
with hyp7. Interestingly, this type of cell fusion defect is evident in lin-
39mutant males too (Wang et al., 1993; Clark et al., 1993), raising the
intriguing possibility that tra-1 activates lin-39 in this particular
developmental event. Similarly, the Rb/E2F complex also plays an
unexpected positive role in controlling lin-39 transcription at this
early stage of vulval fate speciﬁcation (Chen and Han, 2001).
Alternatively, the effects of other factors, such as other Hox genes,
may override those caused by elevated levels of LIN-39 in tra-1
deﬁcient background (Alper and Kenyon, 2002).
tra-1 is also required for the fusion of seam cells. However, this
fusion process appeared to occur normally in lin-39(−) mutant
animals (data not shown), suggesting that the role of tra-1 in the
formation of alae (continuous, linear cuticular ridges) is LIN-39-
independent.
Materials and methods
Nematode strains and alleles
Wild-type C. elegans strain corresponds to var. Bristol (N2). All
experiments were performed at 25 °C unless indicated. The following
strains were used in this study. CB2823 tra-1(e1488)III; eDp6(III;f),
CB2590 tra-1(e1099)/dpy-18(e1096)III, CB2810 tra-1(e1575)/+ III;
unc-42(e270) him-5(e1490) dpy-21(e428)V, MT688 lin-12(n137)/unc-
32(e189)III; him-5(e1490)V, MT2375 lin-12(n137)dpy-19(e1259)/lin-
12(n676n909)unc-32(e189)III; him-5(e1467)V, CB3844 fem-3(e2006)
IV, RA91 ql76 I/hT2 [qls48(tra-1::gfp)](I;III), RA7 rdEx1[tra-1::gfp +
rol-6(su1006)], AH30 zhIs1[lin-39::gfp + unc-119(+)]IV; unc-119
(e2498)III, NH646 ayIs9[egl-17::gfp + dpy-20(+)]V; dpy-20(e1282ts)
IV, AH142 zhIs4[lip-1::gfp + unc-119(+)]; unc-119(e2498)III, MT111
lin-8(n111)II, MT1808 lin-38(n751)II, MT8878 dpl-1(n2994)II,
MT11147 dpl-1(n3643)II, MT10430 lin-35(n745)I, MT1806 lin-15
(n767)X, MT6034 lin-36(n766)III.
RNA interference
To generate RNA interference (RNAi) clones, total RNAwas isolated
from mix-staged wild-type nematode populations, and speciﬁc cDNA
fragments were ampliﬁed by performing RT-PCR (Titan One-Tube RT-
PCR System, Roche) reactions. Ampliﬁed fragments were puriﬁed
(QIAquick gel extraction Kit, Promega), and cloned into pGEM-T Easy
(Promega). NotI-digested fragments were subcloned into pPD129.36,
and the resulted constructs were transformed into E. coli HT115(DE3).
RNAi experiments were performed at 25 °C. The following forward
and reverse primers were used: tra-1 (spanning exon from 5 to 9 that
overlap with both tra-1 transcripts): 5′-CTA GCT AGC TAG ACA ATC
CGG AGC ATC TCA AG-3′ and 5′-GGG GTA CCC CTG ATG ATG TTG AGC
CAG AGC-3′; tra-1a (spanning exons from 10 to 13; speciﬁc for only
tra-1a transcript): 5′-ACG TGC TCA ACA ACT CAT GG-3′ and 5′-TCT
AAT GGA CGA CGG GTT ATG-3′; tra-1ab (spanning exons from 1 to 3;
speciﬁc for both transcripts): 5′-AGG ATC CCG ATA CGG TTG TC-3′ and
5′-TGG CAA CCG TAC TAC CAT TTG-3′; fem-3: 5′-TCC GGG TTC AGA
TGA TGT AG-3′ and 5′-TCA AAC GGC GAA ATT TGT AAC-3′; and lin-12:
5′-CGC TTC ATA TTG GCT CAT GTC-3′ and 5′-CCAGCT TCG CAT TTA TTA
TTC AC-3′.Electrophoretic mobility shift assays
For electrophoretic mobility shift assays, TRA-1A protein was
generated by in vitro transcription and translation of full-length tra-1
cDNA, pDZ118 (kindly provided by David Zarkower), using a T7-based
coupled reticulocyte lysate system (TNT Coupled Reticulocyte Lysate
System, Promega). After in vitro translation, ZnSO4 was added at
50 μM. For preparing DNA probes, single-stranded oligonucleotides
were annealed in TE and labeled by ﬁlling in the single-stranded
termini with Klenow enzyme in the presence of 32Pα-dCTP according
to standard procedures. The following oligonucleotides were used:
lin-39 wild-type L 5′-GGG GGT CTT AAA CCA TGA CCA CCC ACT TGA
GCA CA-3′; lin-39 wild-type R 5′-GGG GGT GTG CTC AAG TGG GTG
GTC ATG GTT TAA GA-3′; lin-39 mut L 5′-GGG GGT CTT AAA CCA TCG
GTA CCC ACT TTC GCA CA-3′; lin-39mut R 5′-GGG GGT GTG CGA AAG
TGG GTA CCG ATG GTT TAA GA-3′; egl-1wild-type L 5′-GGG GGA GAA
TTT TAT GGA CCA CCC GGT TAG GAG TA-3′; egl-1 wild-type R 5′-GGG
GGT ACT CCT AAC CGG GTG GTC CAT AAA ATT CT-3′. EMSA
experiments were essentially performed as described previously (Yi
et al., 2000). Brieﬂy, probes of 40,000 cpm (corresponding to about
1 ng DNA) were incubated for 20 min on ice in the presence of 3 μl
protein before electrophoresis on 4% PAA 0.5 × TBE gels at 160 V at
room temperature. The gels were dried and exposed to Kodak XAR
ﬁlms.
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